Abstract: We investigate the potential of LHC resonance searches in leptonic final states to probe the Z in the minimal U (1) B−L model. Considering the current constraints on the Z in terms of its mass m Z and the associated gauge coupling g B−L as well as constraints in the Higgs sector, we analyse the potential of dilepton and four lepton final states for Z production. This includes Drell-Yan production, Higgs mediated decays and final state radiation processes concentrating only on the ATLAS and CMS detectors at the LHC. We show that the four-lepton final state is sensitive to m Z as low as 0.25 GeV. Furthermore, setting the Higgs mixing to sin α = 0.3, this final state has a strong sensitivity and it probes regions of parameter space where the Z is long-lived. We demonstrate the sensitivity at the High Luminosity LHC and comment on the potential of probing displaced vertices due to long-lived Z . Finally, we also comment on the strength of Z and Higgs mediated heavy neutrino processes by taking into account the constraints derived.
Introduction
The presence of finite yet small tiny masses of neutrinos remains as one of the puzzles within the Standard Model (SM). Specifically, the ultimate goal is to determine the nature of neutrinos and the corresponding mechanism of neutrino mass generation. The mechanism is typically believed to be accompanied by the breaking of lepton number L symmetry resulting in a Majorana neutrino character. At the LHC and in other searches, it can be probed by searching for heavy neutrinos (or neutral heavy leptons, to use the other often used name) and other mediators of the different types of the seesaw mechanism. The difficulty to probe a parameter space relevant for light neutrino mass generation is hampered by the required lightness of neutrino, which requires either heavy mediators (not accessible at colliders) or small couplings to the SM neutrinos (resulting in small production rates).
In addition, such mechanisms are lacking a theoretical understanding of how the L symmetry is actually broken. For example, in the prominent seesaw type-I mechanism where three right-handed neutrinos N i are added to the SM, the L symmetry breaking is explicit by assuming Majorana masses for the right-handed neutrinos. While this is perfectly valid as such masses for the gauge-sterile right-handed neutrinos are not forbidden by the SM gauge symmetry, the question of where the light neutrinos get their mass is simply shifted: where do the right-handed neutrinos get their masses. Clearly, the observable presence of the heavy sterile neutrinos provides the crucially testable consequence but embedding the seesaw mechanism in a more complete model will also provide additional means to probe the mechanism of neutrino mass generation. Arguably one of the simplest ultraviolet (UV) complete models for this purpose is described by the U (1) B−L extension of the SM gauge group [1] , where particles are additionally charged under the quantum number B − L (B is the usual SM baryon number). Here, three right-handed Majorana neutrinos are added as well, in order to give masses to the light neutrinos via seesaw type-I but also to cancel anomalies. The right-handed neutrino Majorana masses are generated by the spontaneous breaking of the U (1) B−L symmetry via an extra Higgs field χ.
The important prediction of this model is the presence of an additional gauge boson Z associated with the B − L gauge symmetry. The Z can be probed for in several different ways. LHC searches for heavy resonance in dilepton final states put a strict bound on m Z > 4.5 TeV [2] for a g B−L coupling similar to that of the SM Z boson. While the B − L breaking scale χ = m Z /(2g B−L ) is constrained to be larger than 3. 45 TeV from LEP-II [3] [4] [5] [6] , these limits are not applicable when m Z becomes too small. Neutrino scattering experiments set an effective limit on χ 1 TeV [7] [8] [9] [10] [11] . The wider m Z − g B−L parameter space can for example be explored using the Constraints On New Theories Using Rivet (CONTUR) method for m Z 1 GeV incorporating ATLAS and CMS results [12, 13] . For m Z < 10 GeV limits are set at g B−L 10 −4 to 10 −3 from recasting dark photon searches at LHCb using Darkcast [14] . For even smaller m Z < 1 GeV, proton and electron beam dump experiments are sensitive to long-lived Z for sufficiently small g B−L ∼ 10 −8 − 10 −4 [14] , cf. our summary Fig. 9 .
Despite intense efforts to constrain new resonances at colliders, within the B −L model, the parameter space of Z masses between 1 to 100 GeV remains relatively unconstrained for g B−L < 10 −3 [14] . In this work, we concentrate on this parameter space, and analyse the reach of existing searches in leptonic final states at the ATLAS and CMS detectors. For masses less than 10 GeV, the factorization theorem is no longer applicable and the production should be dealt with via e.g. the Vector Dominance Mechanism. An alternative way to look for low mass Z is to explore their production via heavier resonances. For B − L model this could be production via the B − L Higgs or the SM Higgs. As we will demonstrate later, the B − L Higgs is not a good production channel however Z production via the SM Higgs remains a viable option. Recently this production mechanism is under attention as one of the key process to explore dark photon models at the LHC. Due to new developments in analysis strategies, dark photons masses as low as 0.25 GeV are constrained. This motivates analysis of B −L models in the same final state and understanding the reach of these searches. Above the mass of 10 GeV, the resonance searches in e.g. dilepton final states will prove to be useful. Currently, the best limits in this region are obtained via the LHCb search for dark photons [15] .
Z production via SM Higgs as will be explored in this work is however dependent on the mixing angle between the B − L Higgs and the SM Higgs. This production mechanism is therefore subject to constraints on the Higgs sector from both direct and indirect searches [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . These limit the B − L Higgs -SM Higgs mixing angle and therefore the strength of the Z production at the LHC. Current constraints on the Higgs mixing angle include those from direct searches for additional Higgs bosons at the LHC, the SM Higgs signal strength measurements, as well as constraints from electroweak observables and the measurements of the W mass. They are further complemented by constraints from theoretical considerations of the perturbativity of the Higgs couplings, unitarity and vacuum stability.
In this work, we explore three different Z production mechanisms and derive limits for low mass Z . The first process we consider is pp → Z → µ + µ − . We refer to this as the Drell-Yan Z production channel. Second, we consider the final state radiation of Z . Here the Z is radiated off via the muons in decay products of SM Z. More precisely, the process is pp → Z → µ + µ − Z → 4µ. Finally, we consider the Z production via SM Higgs portal with Z decays to leptonic final state pp → h → Z Z → 4l. In combining these three processes, we derive new constraints in the m Z -g B−L parameter space of the minimal
As it will turn out, the Z will be long-lived for masses m Z 1 GeV and g B−L 10 −5 . At the LHC, this lifetime frontier can be explored via displaced signatures. This region is of particular interest for Higgs mediated Z production. Due to the large mass difference between the SM Higgs and the Z , the Z receives a large boost leading to macroscopic lab frame displacement and displaced vertices can be observed. We will carefully chalk out the regions where Z is displaced and demonstrate the potential of existing searches.
The plan of the paper is as follows: In section 2 we briefly review the minimal B − L model and its parameter space under consideration. Section 3 contains a discussion of the associated collider signatures, whereas Section 4 is devoted to a discussion of the LHC searches we incorporate in our analysis. We derive limits in Section 5 and Section 6 concludes our work.
The Minimal
U (1) B−L Model
Model Setup
The minimal U (1) B−L was first described in Ref. [1] . We here discuss the salient features as far as relevant for our discussion. In addition to the particle content of the SM, the U (1) B−L model incorporates an Abelian gauge field B µ , a SM singlet scalar field χ and three RH neutrinos N i . The gauge group is The scalar sector is uniquely determined by the scalar potential
incorporating all allowed terms for the SM Higgs doublet H and the new scalar field χ.
The breaking of the (B − L) symmetry is achieved spontaneously such that χ acquires a vacuum expectation value (VEV) χ breaking
Likewise, the U (1) B−L and EW breaking will generate a mixing between χ and the SM Higgs through the λ 3 term in Eq. (2.1). Specifically, the mass matrix of the Higgs fields (H, χ) at tree level is [33] 
3) with x = χ and v = H 0 , resulting in the mass eigenstates h, h χ with masses
Here we assume that the SM-like Higgs h is lighter than the exotic Higgs h χ ∼ χ, and the physical Higgs states (h, h χ ) are related to the gauge states (H, χ) as
Here, α is the mixing angle relating the two bases. At tree-level it can be computed from the parameters in the scalar potential and the scalar VEVs as
While we do not discuss heavy neutrinos explicitly in this paper, we include for completeness how the seesaw type-I mechanism is naturally embedded in this model. Because of the charge assignments (B − L) = −1 for the right-handed neutrinos N i and (B − L) = +2 for the scalar χ, the following two Yukawa-type interactions are allowed by the model gauge group,
Here, L i are the SM lepton doublets,H = iσ 2 H * and a summation over the generation indices i, j = 1, 2, 3 is implied. The Yukawa matrices y ν and y M are a priori arbitrary; the RH neutrino mass is generated due to breaking of the B − L symmetry, with the mass matrix given by M R = y M χ . The light neutrinos mix with the RH neutrinos via the Dirac mass matrix m D = y ν v/ √ 2. The complete mass matrix in the (ν L , ν R ) basis is then and m N = M R , respectively. Considering a simple one-generational scenario, this leads to the celebrated seesaw mechanism which induces a mixing between the light and heavy neutrinos, 9) with the small mixing angle θ ν = m ν /m N . For m ν ≈ 0.1 eV and m N ≈ 10 GeV this gives a very small mixing angle θ ν ≈ 3 × 10 −6 . Considering only SM gauge interactions, heavy neutrino production rates via the SM W and Z will be suppressed by θ 2 ν . In the (B − L) model considered here, the heavy neutrinos are also produced via Z and χ. It is therefore important to probe these exotic particles as stringently as possible to learn about the viability of neutrino mass generation mechanisms near the EW scale.
Constraints on the Parameter Space
The main focus of this work is to explore the viability of producing Z through the SM Higgs. In this context, we are specifically interested in three model parameters: the Z mass m Z , the U (1) B−L gauge coupling g B−L and the Higgs mixing angle parametrized as sin α. As already stated, we assume that the mixing of the Z with the SM Z vanishes and we implicitly consider the second Higgs h χ to be heavy enough so as not to affect our calculations.
Neutral gauge bosons, such as the Z in our model, have been searched for in numerous experiments. As the Z couples to quarks and leptons at tree level, it can be searched for via the s-channel production at various colliders. Several such searches exist at e.g. KLOE [34] , BaBar [35] and at the LHC [15] . TeV [36, 37] . These searches however are limited in their ability to search for Z below a 100 GeV due to large event rates at the LHC. Complimentary searches in dijet final states probe lower masses up to 10 GeV [38] . However the limits from these searches are weak. For Z masses below 100 GeV, the most relevant limits arise from low energy colliders, fixed target experiments and from electroweak precision tests. Among colliders, BaBar reaches the lowest Z mass of 0.05 GeV, up to 10 GeV of Z mass, the limit of g B−L is approximately constant at 10 −4 . For Z mass between 10 to 70 GeV, the strongest limits are placed by LHCb and they constrain g B−L < 10 −3 . For light Z below 1 GeV, there are stronger limits from fixed target experiments, however this region is not of primary interest to this work.
The other relevant sector for us is that of the Higgs. The singlet scalar χ and its mixing angle sin α with the SM Higgs can be constrained in various ways. From theoretical consistency arguments, perturbativity, unitarity and vacuum stability requirements set limits on the quartic couplings of Higgs sector. The current constraints on the Higgs mixing angle | sin α| as a function of the heavy Higgs mass and for a fixed value of v/ χ = 0.1 is taken from Ref. [17] and is summarised in Fig. 1 . Direct limits from the Higgs signal strength measurements put a global upper limit of | sin α| 0.4 [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] , independent of the mass of the heavy Higgs. The LHC searches for additional Higgs bosons tightly constrain the Branching ratio presence of extra Higgses with masses below m H = 300 GeV. Above the mass of 300 GeV, the strongest limits are obtained by considering corrections to the W mass and they limit the mixing angle at | sin α| < 0.3 for a heavy Higgs mass of 300 GeV. The constraint gets tighter as the heavy Higgs mass increases and in the limiting case of Higgs mass of 1 TeV, the limit approaches | sin α| 0.2. For such large heavy Higgs masses however the perturbativity of the λ coupling gives similar constraint on | sin α|. Consequently, we take the Higgs mixing up to its maximally allowed value | sin α| = 0.3 combining the allowed region near m hχ ≈ 300 GeV mainly from the strong limits from the W boson mass and the direct Higgs searches. It is important to note that the limit on | sin α| gets only mildly stronger for heavier Higgs masses. In the future, the limit on the Higgs mixing could be improved considerably to sin α 0.06 at a lepton collider such as CEPC [39, 40] or the FCC-ee [39] .
Z Decays
Another important quantity for this work is the Z decay length. The decay length in general is a function of the Z mass and the g B−L coupling. As g B−L decreases, it is possible for Z to obtain macroscopic decay lengths. The total decay width of Z can be approximately expressed as
10) Figure 3 : Feynman diagrams of Z production modes considered in this paper:
for m Z 2m µ and neglecting the effect of QCD resonances. It gives rise to an approximate Z proper decay length of
For small Z masses m Z 1 GeV the leading order Z branching ratio computation as done by MadGraph may not be accurate and non-perturbative QCD effects become important. These effects are accounted for by scaling the branching ratio to the corresponding results obtained by the Darkcast calculation. Darkcast considers these effects by means of the vector meson dominance mechanism [41] . As the B −L model in DarkCast does not contain heavy neutrinos, three degenerate heavy neutrinos are also added to model accurately the branching ratio computation.
In Fig. 2 , we plot the Z branching ratios to the SM states and the heavy neutrinos. The model contains three heavy neutrinos which we choose to be degenerate at a mass of m N = m Z /3. This maximizes the branching ratio to neutrinos and minimizes that to muons, making it a conservative choice for our analysis, although the effect is in any case small. Beyond a Z mass of 1 GeV the branching ratios approximately remain constant with the exception of τ τ and bb having thresholds at 2.4 and 9.6 GeV, respectively. For Z masses below 1 GeV several thresholds due to QCD hadrons are visible. Effects due to loop corrections are accounted for as described before. Of particular importance for this work is the BR(Z → l + l − ), which is approximately constant at 15% per lepton species.
Z Production Mechanisms
A potentially large Higgs mixing angle of order sin α ≈ 0.3 implies that it is possible to produce the Z via decays of the SM Higgs. This presents an alternative and interesting possibility to probe the Z which is usually searched for via s-channel Drell-Yan production mode, cf. Fig. 3 (left). In the Higgs mediated case, Fig. 3 (center), the production is through a different vertex driven be the Higgs mixing sin α but m Z is restricted to m Z < m h /2 ≈ 62 GeV. Alternatively, it is also possible to produce the Z via final state radiation in the Drell-Yan Z production at the LHC, cf. Fig. 3 (right).
With these observations, we will concentrate on three distinct processes at the LHC: Drell-Yan Z production, Z pair-production through SM Higgs and final state radiation (FSR) of Z in the Drell-Yan production of a SM Z. We concentrate on leptonic final states. In particular, we analyse the reach of following LHC analyses for the given final states
Apart from the above processes, it is also possible to search for Z via associated production with W /Z or a jet. These processes will however yield a smaller production cross section compared to the ones listed above. Therefore, we will not explicitly consider them in this work. The associated production is accounted for in the s-channel production of Z in the form of showering and hadronization. As mentioned before, numerous resonance search results in dijet final states are also available. Their limits are however weak and therefore, we do not consider hadronic searches in this work.
Before proceeding with a detailed collider analysis of the above processes, it is instructive to take a look at the production cross sections and branching ratios relevant in each channel.
Drell-Yan Z Production
The Z can be directly generated via pp collisions at the LHC through s-channel DrellYan production. The cross section is a function of g B−L and m Z . For g B−L = 10 −3 , the production cross section varies from several pb for light Z around 10 GeV to O(100) fb for a Z mass of 100 GeV. Fig. 4 (top left) illustrates the dependence of the cross section on g B−L and m Z . The cross section falls by two orders of magnitude for every order of magnitude change in g B−L . We also overlay a contour showing the proper Z displacement of 1 mm (dashed red line). It is clear that it will be difficult to probe large regions of displaced Z via Drell-Yan production as the Z cross section becomes very small for small g B−L . The cross section is only calculated for m Z greater than ≈ 10 GeV to avoid nonperturbative effects. Although the Z production cross section is very large for small masses, it becomes increasingly challenging to search for such light mass Z at the LHC as both the signal and background event rates become too high. The limitations on the search due to trigger rates can be circumvented by means of data scouting techniques or trigger level analyses. We will below demonstrate the reach of a recent scouting analysis on low mass Z .
Z Pair-production via SM Higgs
When m Z < m h /2, the exotic gauge boson Z can be pair-produced via the SM-like Higgs h. We assume m hχ m h and thus the mostly exotic Higgs h χ does not play a role in the process. If the Higgs mixing angle is at its currently allowed value, sin α ≈ 0.3, the process 
where σ(pp → h SM ) ≈ 44 ± 4 pb is the pure SM Higgs production cross section at 13 TeV [46] and Γ(h SM ) ≈ 4 MeV is the total Higgs width in the SM [47] . In Eq. (3.1), we neglect the small partial width of the Higgs decaying to heavy neutrinos, Γ(h → N N ), when calculating the total width [48] . The partial decay width to Z Z is in our model given by , where the Higgs mixing is set to sin α = 0.3. Also superimposed are contours of constant proper Z decay length L 0 the rest frame and the average decay length L in the lab frame at 1 mm and 10 cm. The proper and average lab frame displacements are very different for lighter Z due to the associated boost. It can also be seen that Z starts to be appreciably displaced with L = 1 mm for this production mode for g B−L ≈ 10 −4 when m Z is less than a GeV. As m Z increases small values of g B−L are required to gain the same displacement. At this point however, the Higgs mediated Z production cross section is very small.
To better understand the Z boost and corresponding Z lab decay length, we show in Fig. 5 the distribution for the boost factor βγ = |p Z |/m Z for different m Z ranging from 1 to 60 GeV. For a light Z with m Z = 1 GeV, typical boost factors can reach beyond 100 but this decreases steadily for heavier Z and for m Z = 60 GeV, βγ is of order unity. For large βγ the lab frame displacement can be very large even if the proper decay length is microscopic. At the LHC however, it will be difficult to probe a large region of the parameter space as the hZ Z coupling is also proportional to g B−L . Therefore, a small value of g B−L leads to a small production cross section. As we will discuss later, this interplay of boost, corresponding lab frame decay length and suppression of production cross section leads to interesting results.
Along with the estimates of the total cross section it is imperative to gain an understanding of the broad kinematics of the processes we are considering. To this extent, in Fig. 6 (left) we plot the p T distribution of the final state leading muon for Higgs mediated Z production. The p T of the leading muon increases as the mass of Z increases. This is to be expected as the Higgs is produced almost at rest and the muon p T is controlled by the Z mass. 
Z Final State Radiation from Z Production
In the context of LHC analyses, the production of a Z radiating from a lepton is particularly useful to explore in models, such that based on L µ − L τ , where it is not possible to produce the associated Z from quark annihilation. In case of the B−L Z this is not really necessary, however, for completeness we discuss this process and show the total cross section as well as later determine the resulting constraints from this channel. As shown in Fig. 4 (bottom) , the overall production cross section of this process is rather small as an emission of a massive particle from final state muon requires the muon to be off-shell and hence it is phase space suppressed. The cross section is only calculated for m Z greater than 10 GeV to avoid nonperturbative effects. The cross section attains a maximal value of 1 fb in the considered parameter space for g B−L < 10 −3 . In the leading muon p T distribution 1 , Fig. 6 (right) for this process, the dependence on m Z is reversed to that for the Higgs production. This is understood because the overall energy-momentum of the process is conserved. Therefore, to produce more and more massive gauge boson in the final state, the muons are required to be softer.
Recasting Procedure
In this section, we explain our recasting procedures for the existing ATLAS/CMS searches so that we can apply them to the B − L model considered here. We either exploit modelindependent limits given by the collaborations or we use event simulations to calculate the corresponding fiducial cross section in the B − L model which we then compare with the experimental limit.
We use the Universal FeynRules Output (UFO) [49] for the B − L model with nextto-leading order (NLO) QCD production, developed in Ref. [48] , in combination with the Monte Carlo event generator MadGraph5aMC@NLO -v2.6.3 [50] at parton level. For every signal sample, we generate 10 4 signal events. We then pass the generated parton level events to PYTHIA v8.235 [51] which handles the initial and final state parton showering, hadronization and heavy hadron decays. We do not simulate detector effects. Individual analysis efficiencies as described later are taken into account in order to obtain results. For the Higgs-mediated mode we use the NLO capabilities of our model to simulate Higgs production via gluon-gluon fusion.
Z Pair-production via SM Higgs at CMS (CMS h → 4µ) In Ref. [43] , the CMS collaboration reported on a search for the pair-production of new light bosons decaying into muons at √ s = 13 TeV with an integrated luminosity of 35.9 fb −1 . The search was optimised for prompt exotic boson decays as well as those with moderate displacements. As results of the search, upper limits on the signal cross sections in prompt final state are presented for neutral boson masses between 0.25 and 3.55 GeV, or approximately 2m µ and 2m τ . However, the analysis is valid for a di-muon invariant mass up to ≈ 9 GeV. We therefore reimplement the analysis and derive limits for m Z up to 8.5 GeV. In order to achieve this, we use model-independent upper limits on the signal cross sections presented in the analysis. To derive the theory predictions, the analysis reports that the detector efficiency detector is almost independent of the signal model. This has been demonstrated in the analysis by taking the ratio of the generator level acceptance α gen with the total efficiency for several signal samples. This factor, detector = α gen / total is approximately constant and reported to be 60%. In order to assist simulating α gen , the analysis advocates applying the cuts p T (µ 1 ) > 17 GeV, |η| < 0.9, for the leading muon p T (µ) > 8 GeV, |η| < 2.4, for the other three muons.
(4.1)
In addition, transverse, L xy , and lateral, L z , displacements of each muon from the interaction point are required to be
so, in fact, the selection criteria include scenarios where the Z can be appreciably long-lived with L 0 10 cm. We have verified the reported α gen by producing a sample of SM Higgs decaying to light Higgs of 1 GeV and applying the cuts as reported above. For our model, the cuts on the L xy or L z are not relevant in most of the parameter space as the Z is not longlived. Nevertheless, for light Z with small g B−L the decay length in the lab frame can be macroscopic. For example, for m Z = 0.25 GeV and g B−L = 10 −6 the Z proper decay length is L 0 ∼ cm. Accounting for an average Lorentz boost factor of about 100, the average decay length L can be as large as a meter. Therefore, the cuts become relevant for a small region in parameter space for our analysis.
The estimated background for this search is reported as 9.90 ± 1.24 stat ± 1.84 syst events for 35.9 fb −1 [43] . The 95 % confidence level limit on the signal event rate can be derived from χ 2 = S 2 /B > 3.84 [47] . We have however used the model-independent limits given in Ref. [43] . The current sensitivity in our parameter space is obtained by requiring σ model < σ upper limit exp ; the limits from χ 2 are however very similar. Furthermore, we also compute the reach of this analysis for High Luminosity LHC (HL-LHC) regime with 3000 fb −1 luminosity. As the analysis is sensitive to low mass Z , where the Z can obtain macroscopic displacement, we implement the analysis cuts as described before, and compute the HL-LHC reach with χ 2 analysis.
Z Pair-production via SM Higgs at ATLAS (ATLAS h → 4 l) A corresponding ATLAS analysis [44] reports upper limits (U.L.) on the signal strength for pair production of light exotic bosons through decays of the SM Higgs at √ s = 13 TeV with an integrated luminosity of 36.1 fb −1 . The analysis searches for light bosons decaying to either pair of electrons or muons, hence it searches for either 4e, 4µ or 2e2µ final states. These signal strength limits are given for the light boson decaying promptly between a mass range of 1 to 60 GeV, with the SM QCD resonance regions removed. The signal strength is the ratio of model specific Higgs production cross section with the SM Higgs production cross section. In our model this ratio is cos 2 α. The limits given on the signal strength hence convert to a limit on the Higgs to Z branching ratio. We compare this to the theoretical prediction BR th (h → Z Z ),
Unlike in the case of the CMS analysis, here we directly use the limits on the signal strength. These are derived under the assumption of a promptly decaying Z . As discussed in Sec. 3, probing small values of g B−L -Z can lead to displaced vertices. Therefore, one should be careful while interpreting the limits of analyses which assume prompt final states only, as is the case here. We consider Z to be prompt when their lab frame displacement L is less than 1 mm. This is fixed by inserting a prompt efficiency function prompt ≈ 1 − exp(−1 mm/L). We use the same function for the HL-LHC projections as well.
Z Final State Radiation from Z Production at CMS (CMS FSR)
The CMS analysis [45] reports on the search for an excess in the 4µ final state when the Z is radiated in the final state as pp → Z → Z µ + µ − → 4µ at the LHC with √ s = 13 TeV with an integrated luminosity of 77.3 fb −1 . It considers Z mass range between 5 to 70 GeV. The analyses selects events with isolated muons. At least two muons are required to have p T > 20GeV and at least one muon should have p T > 10GeV. A resonance search is then performed in pairs of oppositely charged muons. As the limits on the couplings between the two models can be easily converted from one to another, we do not perform any special simulation. Instead we use the limits on L µ − L τ coupling g Lµ−Lτ as given by CMS. An equivalent g Lµ−Lτ can be related to g B−L through
. For the HL-LHC regime, we rescale our limits. As the Z masses considered here are more than a few GeV, no special consideration for macroscopic decay lengths are given.
Low mass Z Resonance Search at CMS (CMS dilepton) Finally, we include the most recent search for a narrow low mass resonance in the dimuon final state by CMS collaboration [42] . This √ s = 13 TeV analysis uses 96.6 fb −1 of data for a scouting search for a resonance between 11 to 45 GeV and the full 137 fb −1 Run-II reconstructed level dataset for a resonance search between 45 and 200 GeV. The analysis overcomes the traditional limitations for dilepton resonance search in low mass region by making use of the data scouting technique. The technique corresponds to the use of physics objects reconstructed online during data taking to perform searches and measurements. This allows for reaching low mass resonances which are otherwise difficult to search for.
The analysis interprets the results in a dark photon model and gives upper limits on the kinetic mixing as a function of dark photon mass m Z D . The limits are given in the mass range from 11.5 GeV up to 200 GeV Z D masses. The kinetic mixing parameter is related to g B−L by g B−L = e .
The dimuon resonance analysis is applicable to a wide range of signal models. Therefore, it is possible to constrain not just the resonance production of Z but the Higgs mediated Z production as well. The cross section for the Higgs mediated Z production however is much smaller compared to the direct Z production for the same g B−L coupling. This is because the Higgs coupling to Z is suppressed by both g B−L and sin α. We therefore do not take into account the Higgs mediated process when computing the limits on g B−L .
Results
Using the above procedures for each of the existing searches, we determine the upper 95% confidence level limits on the U (1) B−L gauge coupling as a function of the Z mass m Z . Unless stated otherwise we assume sin α = 0.3 for the mixing angle between the SM Higgs and the exotic scalar χ responsible for breaking the U (1) B−L symmetry. This assumption is of course crucial for the Z pair-production via the SM Higgs; for smaller values of sin α, the production rate is accordingly reduced and the limit on g B−L is weakened.
More specifically, the Higgs production cross section effectively depends on the combination g B−L sin(2α)/2, cf. Eq. (3.1). In Fig. 7 we show the constraints from the analyses considered in this work on this parameter as a function of m Z . The CMS h → 4µ constraints span an m Z mass range between 0.25 and 8.5 GeV, while the ATLAS h → 4 cover the range between 1 to 60 GeV with two gaps between 2 GeV < m Z < 5 GeV and the effect of phase space we can estimate the generator level acceptance for the two analysis. For this, we implemented the acceptance cuts as given in the two analyses, we find that the acceptance for the CMS analysis is about 25% while that for the ATLAS analysis is 50%. We also show the projections of the improved sensitivity for the high-luminosity LHC with 3,000 fb −1 using the lighter shaded regions delimited by a dashed curve. This projection assumes a simple scaling of signal and background with luminosity. If h → Z Z is the only non-Standard Model Higgs decay mode available, then it is constrained by Higgs to invisible branching ratio. Therefore, we have also overlaid the line corresponding to BR(h → Z Z ) = 10% which corresponds to the existing limits on Higgs to invisible branching ratio. It should be noted that strictly speaking this does not include dependence on cos α, however it does depend on sin α as discussed in Eq. (3.2). Furthermore, it is also worth pointing out that if heavy neutrinos are lighter than m h /2, they will also contribute to this invisible BR constraint. Here we neglect the SM Higgs decaying to heavy neutrinos.
This plot is particularly useful as there is a degeneracy between g B−L and sin α which can only be broken by individually searching for the presence or absence of extended Higgs or gauge sectors at experiments. Using this plot, it is possible to rescale and obtain values of g B−L for any value of sin α desired. For example, for m Z = 1 GeV, at sin α = 0.3, g B−L ∼ 3 × 10 −5 but if sin α = 0.2, the limit on g B−L will be ≈ 5 × 10 −5 . On the other hand if we saturate the existing limits on the gauge coupling, g B−L 10 −4 , the corresponding constraint on the Higgs mixing is sin α 0.1. It will be difficult to independently constrain sin α to such a small value by such means as direct Higgs searches. It is however very important to remember that such a compensation between g B−L and sin α is not applicable to arbitrary low values of g B−L . As g B−L decreases, the Z will be longer-lived. The analyses we considered however largely concern themselves with prompt decays. Therefore for smaller values of g B−L a simple scaling between sin α and g B−L will not hold true.
Apart from the two Higgs searches considered in this work, an ATLAS search in lepton jets final state, interesting for the low mass Z region, has been carried out at √ s = 8 TeV, both in prompt [52] and displaced final states [53] . The prompt analysis is of particular interest as it targets both muon and electron jets. The displaced lepton jets analysis is not sensitive to our model as we will not have large signal cross sections and displaced Z at the same time for high mass region where this analysis operates. The interpretation of results in both these analysis has been done in the so called FRVZ models which has substantially different kinematics to the model considered in this work. A reinterpretation of the prompt ATLAS lepton jet analysis can be attempted, however since it does not improve on the existing limits from 13 TeV CMS analysis considered here, we do not consider it here. A 13 TeV update of the ATLAS analysis will be very useful to further constrain the parameter space.
While Fig. 7 provides a concise summary of the Higgs mode searches, it does not accommodate search results which do not depend on sin α. In Fig. 8 , we instead show the limits for a fixed value of sin α = 0.3 but we additionally show constraints from the CMS FSR and CMS di-lepton searches. The constraints arising from the CMS FSR search leads to the weakest limit, g B−L 0.01 for m Z in the range of 5 to 60 GeV. The 4µ final state arising due to the decays of SM Higgs to pair of Z leads to strongest limits between m Z of 0.25 to 50 GeV. Beyond m Z = 50 GeV, the CMS dilepton analysis leads to strongest limits up to 70 GeV. We also denote Z -g B−L values where average lab frame Z displacement of 1 mm and 10 cm is obtained when Z is produced in decays of h. Finally, for reference BR(h → Z Z ) = 10% is also overlaid.
For the lowest Z masses, the CMS h → 4µ analysis has the strongest limits. They constrain Z masses as low as 0.25 GeV and limit g B−L to 5 × 10 −6 . These limits gradually decrease to g B−L = 1.8 × 10 −4 for m Z = 8.5 GeV. As discussed in Sec. 3, for m Z < 1 GeV, it is possible to gain a significant Z displacement. This will be relevant for the High Luminosity regime. In this region of parameter space a simple scaling is not applicable. We identify the region corresponding to Z lab decay length L of 1mm (solid grey line) and 10cm (dashed grey line). A significant region of m Z -g B−L parameter space is below L = 1 mm. As the CMS search allows for displacements up to 10 cm, it is perfectly safe to use the analysis in this region. The impact of 1 mm lab frame displacement is however more severe for the ATLAS search we consider as it only allows for prompt decays of the Z . We define the prompt region to be displacements less than 1 mm. We therefore see a 'flattening' of the g B−L limit around L = 1 mm in the m Z region of 1 to 2 GeV. The HL-LHC reach for this analysis is correspondingly limited for low mass regions. Turning our attention to L = 10 cm line, we see a similar picture emerge for the CMS search below m Z < 0.5 GeV. This is also understandable as the analysis allows for displacements up to 10 cm. In order to assess our reach for the High Luminosity reach in this region, we have taken into account the effect of displacement. This is reflected in the limits as the gain due to luminosity is much smaller in the displaced region m Z 0.5 GeV compared to the prompt region m Z 0.5 GeV. The same can be seen for the ATLAS search.
Finally, we also show recent limits on dimuon final state resonance search using the data scouting technique as presented by the CMS collaboration [42] . This limit improves on the previous LHCb limit for a resonance search in the same final state from mass range of 11.5 GeV and presents competitive limits from the Higgs to 4 lepton final state in the mass range between 10 to 50 GeV. In the mass range of 50 to 70 GeV, this analysis has the best limits on g B−L .
Of particular interest is also the behaviour of limits from the FSR and dilepton final state against those from the Higgs mediated 4 lepton final state. The limits on the g B−L from the FSR and dilepton final states are approximately constant over a wide range of Z mass. The limits on g B−L coming from the Higgs mediated processes, however sharply degrade as m Z increases. This is because the 4 lepton final state cross section is dominantly controlled by the branching ratio of the SM-like Higgs decays to the Z pairs, which depends on g B−L /m Z according to Eqs. (3.2) and (3.1).
Given our discussion so far, it is clear that it will be difficult to probe large Z displacements in the B − L model unlike in the dark photon case. However, the above discussion is built based on the assumption that we neglect the Z − Z mixing of the B − L model. If this mixing is opened complex interactions will be introduced as the B − L sector can now couple to the SM particles via both the hypercharge portal and the B − L charge. The relative strength of the two couplings g B−L andg will then control the behaviour of the limits.
Conclusions
In this work, we have considered the impact of LHC searches on the parameters of the minimal B − L model for Z masses in the region ≈ 0.2 GeV to 200 GeV. The minimal B − L can be considered as simplest gauge realization to generate the light neutrino masses via a type-I seesaw mechanism and probing it will help in our understanding of neutrinos. The model presents a distinctly different phenomenology compared to the popular dark photon models. For example, unlike the dark photon models, the production and decay of B − L Z are controlled by the same parameters, which limits the sensitivity of LHC searches due to rapidly falling cross sections.
We have mainly explored three different Z production mechanisms at the LHC. The Z can either be produced via s-channel Drell-Yan, decays of the SM Higgs or via the final state radiation of the muons produced in the SM Drell-Yan process at the LHC. We demonstrated that the limits from the final state radiation arising from [45] are the weakest. As for the four-lepton final states produced via the SM Higgs we showed that the limits from existing searches are sensitive to the macroscopic Z displacements at the LHC. These searches have a potential to constrain large regions of m Z -g B−L parameter space and are particularly powerful for light Z masses. The constraints from the ATLAS search [37] are somewhat stronger than the CMS search [54] as ATLAS takes into account Z decays to both electrons and muon final state. On the other hand, the CMS search covers a wider m Z interval. The Higgs production mode depends on the Higgs mixing angle sin α. In our analysis we have chosen a representative, approximately maximal value (given current limits) of sin α = 0.3. For smaller values the sensitivity to g B−L will accordingly weaken but our results illustrate the interplay of parameters in a realistic gauge model and the potential sensitivity to small exotic gauge couplings at the LHC. The four-lepton final state searches are further complemented by searches for dileptons. The most recent scouting analysis of the CMS dimuon search [42] presents competitive limits in the mass range of 10 to 60 GeV.
The summary of our results is presented in Fig. 9 . The plot also contains previously known limits on Z masses. In the mass region of 0.25 -1 GeV our analysis shows that there is a sensitivity improvement to probe Z limits by an order of magnitude. In the mass region between 10 to 60 GeV, the Higgs mediated channel and the recent CMS dilepton search in the dimuon final state also improve on the existing limits. Finally, for completeness, we also derive limits by interpreting recent high mass dilepton resonance searches. For this purpose, we use results from the most recent CMS high mass dilepton search [54] . This analysis presents limits on the ratio of the dilepton resonance cross section to the SM Z to dilepton production cross section. Taking the Z to muon cross section to be 1870 pb, we derive limits on g B−L . We have checked that the corresponding ATLAS analysis [37] , yields similar limits. It should be noted that the limits from high mass resonance searches constrain masses well beyond 1 TeV. The figure also illustrates the gaps in the dilepton resonance searches at ATLAS and CMS. In the region around m Z of 10 GeV, only weak constraints from the CMS FSR analysis can be derived, while the region around the Z mass remains unconstrained by current LHC searches. As discussed in [12] , using the 'Constraints On New Theories Using Rivet' (CONTUR) method of interpreting LHC SM measurements can still be used to extract constraints, albeit comparatively weaker. The resulting limits on g B−L are indicated in Fig. 9 .
The ultimate prize when probing models such as the minimal U (1) B−L is to unravel the mechanism of neutrino mass generation. In our case this corresponds to discovering the heavy Majorana neutrinos giving rise to the seesaw mechanism. Because the heavy neutrinos are charged under the U (1) B−L gauge group, they can be produced not only via their mixing with the active neutrinos, which is generically expected to be small to explain the lightness of neutrinos, but also via the Z , the U (1) B−L breaking Higgs χ and the SM Higgs (due to Higgs mixing). We here focus on the production of the Z at the LHC in the minimal B − L models. Other aspects of B − L models were discussed elsewhere. For example, a B − L model with a specific low scale seesaw mechanism is discussed in Ref. [55] , with an inverse seesaw scenario in Ref. [56] and with a linear seesaw scenario in Ref. [57] . Other aspects of heavy neutrinos were for example discussed in Refs. [58] [59] [60] [61] , including displaced vertex signatures. Finally, dark matter can be incorporated in B − L models as well as has been for example discussed recently in Ref. [62] .
The SM Higgs and Z channels were recently discussed in [48, 63, 64] . The vertex coupling the hN N (SM Higgs) is proportional to m N /m Z × sin α g B−L , whereas the Z N N vertex is proportional to g B−L . From our analysis, we can thus infer new limits on the heavy neutrino production modes. As shown in Fig. 8 , when the Z production via Higgs is feasible, we obtain a conservative limit of g B−L < 10 −4 for Z masses between 10 to 60 GeV. For lower masses of Z the limits get even more constraining. With this revised constraint on the Z coupling the heavy neutrino production via both channels is therefore suppressed and is not expected to yield a detectable cross section. Likewise, the branching ratio BR(h → N N ) depends on m Z /g B−L ; For m Z < 100 GeV and when applying our constraints this ratio is ≈ 100 TeV. This is about 30 times larger than the value considered in Ref. [48] , resulting in about a thousand times smaller cross section. Heavy neutrino production from Z decays mentioned in Ref. [63] is suppressed as well due to roughly a magnitude better constraint on g B−L which makes the Z production cross section a hundred times smaller. This of course applies to the case where the Higgs mixing is near its maximally allowed value, sin α ≈ 0.3, and the discussion will change for smaller values; in such a case the heavy neutrino Higgs portal pp → h → N N will be suppressed though. With BR(Z → N N ) ≈ 6%, the largest pp → Z → N N cross section is only several femtobarn for a narrow range of Z masses between 10-15 GeV. One can also consider heavy neutrinos in cascade decays such as pp → h → Z Z → N N + X. With σ(pp → h → Z Z ) ≈ 1 fb and BR(Z → N N ) × BR(N → µ + X) ≈ 1% for g B−L ≈ 10 −5 and m Z > 1 GeV, the total cross section of this process amounts to 10 −2 fb.
These considerations demonstrate that with the updated limits considered in this work, there is very little room for producing heavy neutrinos with long decay lengths (heavy neutrinos with shorter decay lengths can still be searched for via W and Z decays). It may still be possible to gain some sensitivity in this channel for the High Luminosity LHC. With these considerations we merely like to point out the importance of searching not only for heavy neutral leptons (i.e. heavy neutrinos) but also for the potential exotic mediators and portals through which they can be produced. This will shed light on whether the light neutrino masses have their origin in new physics around the TeV scale. [19] ATLAS collaboration, Measurements of the Higgs boson production cross section via Vector Boson Fusion and associated W H production in the W W * → ν ν decay mode with the ATLAS detector at √ s = 13 TeV, .
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